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Repulsion plays a fundamental role in the establishment of a topographic map of the chick retinotectal projections. This has
been highlighted by studies demonstrating the role of opposing gradients of the EphA3 receptor tyrosine kinase on retinal
axons and two of its ligands, ephrin-A2 and ephrin-A5, in the tectum. We have analyzed the distribution of these two
ephrins in other retinorecipient structures in the chick diencephalon and mesencephalon during the period when visual
connections are being established. We have found that both ephrin-A2 and ephrin-A5 and their receptors EphA4 and EphA7
re expressed in gradients whose orientation is consistent with the topography of the nasotemporal axis of the respective
etinofugal projections. In addition, their distribution suggests that receptor–ligand interactions may be involved in the
rganization of connections between the different primary visual centers and, thus, in the topographic organization of
econdary visual projections. Interestingly, where projections lack a clear topographic representation, a uniform expression
f the Eph–ephrin molecules was observed. Finally, we also show that a similar patterning mechanism may be implicated
n the transfer of visual information to the telencephalon. These results suggest a conserved function for EphA receptors and
heir ligands in the elaboration of topographic maps at multiple levels of the visual pathway. © 2001 Academic Press
Key Words: ephrins A; EphA receptors; primary visual projections; secondary visual projections; topography; gradients;
no-topography; no-gradients; chick embryo forebrain.c
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The processing of visual information in vertebrates re-
quires the establishment of highly organized retinotopic
connections. The retinotectal projection has been inten-
sively used as a model to study the mechanisms that
control the early development of topographic specificity in
the visual system. As initially proposed by Sperry (1963),
the topographic targeting of retinal projections in the tec-
tum is mediated, at least in part, by the complementary
expression of labels present in the retina and tectum, which
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ccordingly, in vivo and in vitro experiments in the chick
ave demonstrated that the interaction of ephrin-A ligands
ith their receptors is necessary for the anterior–posterior
apping of retinal projections (for review, see Wilkinson,
000). Specifically, the ligands ephrin-A2 and ephrin-A5 are
xpressed in a gradient across the anterior–posterior axis of
he tectum (Cheng et al., 1995; Drescher et al., 1995; Zhang
t al., 1996; Monschau et al., 1997), whereas their receptor,
phA3, is expressed in a complementary manner in the
etina (Monschau et al., 1997). Thus, projections from the
temporal pole of the retina, which expresses high levels of
EphA3, map to the rostral tectum, where low levels of
ephrin-A2 and ephrin-A5 are found. Conversely, projections
from the nasal pole of the retina, which contains low levels
of EphA3, target the caudal tectum, which expresses high
levels of ligands. In addition, loss-of-function studies in the
mouse have provided compelling evidence that ephrin-A2
and ephrin-A5 are required for the establishment of retino-
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tectum, the superior colliculus (SC) (Frise´n et al., 1998;
Feldheim et al., 2000). However, in this case, EphA5 seems
o fulfill the same role as chick EphA3 (Feldheim et al.,
998).
In addition to the tectum, retinal ganglion cells project to
everal diencephalic and mesencephalic targets in a highly
opographic manner (Montero et al., 1968; Lund et al., 1974;
Crossland and Uchwat, 1979; Scalia and Arango, 1979;
Ehrlich and Mark, 1984b; Godement et al., 1984; Nagata
and Hayashi, 1984; Sretavan and Shatz, 1987; Simon and
O’Leary, 1992). The organization of these projections and
the fact that Eph–ephrin interactions have been shown to
participate in the establishment of topography in additional
brain circuits (Zhang et al., 1996; Gao et al., 1998; Stein et
al., 1999; Vanderhaeghen et al., 2000) and in the neuromus-
cular mapping in the trunk (Feng et al., 2000) suggest that a
similar mechanism may underlie the formation of other
retinotopic maps distinct from the retinotectal. Interest-
ingly, ephrin-A2 and ephrin-A5 have been implicated in the
formation of topographic connections between the retina
and the diencephalon in mammals (Feldheim et al., 1998).
However, the small size and the lack of a comprehensive
retinotopic map for the primary visual centers of the mouse
have prevented a detailed analysis from being performed.
Here, we have taken advantage of the greater degree of
differentiation and size of the primary visual centers in the
diencephalon and mesencephalon of the chick to study
whether a graded expression of ephrin-A2 and ephrin-A5
may underlie the development of topographic order in each
visual center that receives a topographic projection from
the retina. In addition, since the primary visual centers also
form topographic connections between themselves (Ed-
wards et al., 1974; Swanson et al., 1974; Crossland and
Uchwat, 1979; Gamlin and Cohen, 1988a,b; Sutton and
Brunso-Bechtold, 1988), we have asked whether the same
molecular labels that correlate with the mapping of retinal
projections may also coordinate the development of these
topographic connections. Our results indeed indicate that
the interaction between EphA receptors and their ligands
may be involved in the development of a topographic order
at multiple levels of the visual pathway.
MATERIALS AND METHODS
Preparation of Embryos
Fertilized chicken embryos were purchased from Granja Santa
Isabel (Co´rdoba, Spain). Eggs were incubated, opened, and staged
according to Hamburger and Hamilton (1951). Brains were dis-
sected at the required stages and fixed overnight in 4% paraformal-
dehyde in PBS at 4°C. After fixing, the brains were washed three
times in PBS, gelatin-embedded, and sectioned in a vibratome to
obtain 100-mm slices.
Copyright © 2001 by Academic Press. All rightIn Situ Hybridization
Brain slices were processed for free-floating in situ hybridization
as described in Nieto et al. (1996). Probes were labelled with
UTP-digoxigenin. After hybridization, the slices were subse-
quently incubated with alkaline phosphatase-conjugated anti-
digoxigenin antibodies. The alkaline phosphatase activity was
detected by incubation with NBT/BCIP (Roche) following the
manufacturer’s instructions. After developing, the sections were
cleared in 50% glycerol in PBS and mounted in the same solution
containing 0.02% sodium azide, and the slices were photographed
in a Leica M10 dissecting microscope.
The EphA7 probe used corresponded to a 1422-bp fragment
(nucleotides 247 to 1375) of the cDNA sequence (Araujo and
Nieto, 1997). The EphA4 and ephrin-A2 probes corresponded to
RT-PCR fragments amplified as described in Sefton et al. (1997) and
that for ephrin-A5 was synthesized from a full-length cDNA
plasmid kindly provided by Uwe Drescher. Sense probes failed to
give any signal.
Nomenclature
We use the nomenclature proposed by Puelles et al. (1991) for the
retinorecipient nuclei of the chick diencephalon and mesencepha-
lon (but see also Redies et al., 2000). For the developing tectal
layers, we use the nomenclature proposed by La Vail and Cowan
(1971a). The terms anterior 5 rostral and posterior 5 caudal are
used indistinctly throughout the text.
Figure Preparation
Digital brightfield photographs were taken with an Olympus
DP10 camera mounted on a Leica M10 dissecting microscope.
Figures were produced by using Adobe Photoshop and Canvas
software on a Macintosh computer. All computer adjustments of
image brightness and contrast were done simultaneously and
equally for each set of photographs.
RESULTS
The expression patterns of ephrin-A ligands and EphA
subclass of receptors were analyzed with respect to the
organization of retinotopic projections within the develop-
ing chick brain. In the chick, retinal neurons project to
several sites in the mesencephalon and diencephalon (Ehr-
lich and Mark, 1984a) (Fig. 1). At some of these sites, the
connections that are established fully reflect the topo-
graphic organization of the retina. As such, in addition to
the well-defined retinotopic projection to the tectum, reti-
nal ganglion cells (RGCs) project in a highly topographic
manner to the lateral anterior nucleus (LA), ventral genicu-
late nucleus (GV), and superficial synencephalic nucleus
(SS) in the diencephalon, as well as to the griseum tectale
(GT) in the mesencephalon (Ehrlich and Mark, 1984b) (Fig.
1). Remarkably, the temporal–nasal axis of the retina maps
along the anterior–posterior axis in all primary visual cen-
ters that receive topographic projections from the retina,
although the orientation of the map (i.e., rostral versus
s of reproduction in any form reserved.
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291Ephrins in Visual System Topographycaudal relative to the position of the temporal field) varies
among different nuclei (Ehrlich and Mark, 1984b) (Fig. 1). In
contrast, several other diencephalic retinorecipient regions
do not form clearly defined retinotopic maps. These include
the ventrolateral nucleus (VL), dorsolateral anterior tha-
lamic nucleus (DLA), and external pretectal nucleus (PE)
(Ehrlich and Mark, 1984b; Gamlin and Cohen, 1988a).
We have analyzed the expression patterns of several
ephrin-A ligands and EphA subclass of receptors, by in situ
hybridization on vibratome sections through the brain of
chick embryos from day 6 (E6) to day 12 (E12), the time that
most topographic and lamina-specific projections are being
established in the visual system (LaVail and Cowan,
1971a,b; Goldberg, 1974; Vanselow et al., 1989; Yamagata
nd Sanes, 1995; Manns and Gu¨ntu¨rku¨n et al., 1997). To
acilitate the comparison of our data with the previously
escribed topographic maps of visual projections (Crossland
nd Uchwat, 1979; Ehrlich and Mark, 1984b; Gamlin and
ohen, 1988a), the expression of ephrin-A ligands and EphA
ubclass of receptors is mostly described on the conven-
FIG. 1. Diagrams illustrating the location and rostrocaudal orien
developing chick diencephalon and mesencephalon in sagittal (A)
three subdivisions of the diencephalon according to the Prosomer
posterior parencephalon (p2), and synencephalon (p3), are shown as
line. Retinorecipient nuclei are alar derivatives of the three prosom
and lateral anterior nucleus (LA) in the ventral thalamus (VT), dors
superficial synencephalic nucleus (SS) in the pretectum (PT). In th
(Tect) also receive retinal projections. The rostrocaudal orientation
it can also be recognized in a conventional transversal section (B) in
section shown in (B) is depicted with a gray dotted line in (A). Abb
rotundus; Tect, optic tectum; Tel, telencephalon; VL, ventrolateraional transverse plane. However, the orientation of the w
Copyright © 2001 by Academic Press. All rightain axis of the distinct visual centers is referred to as the
ongitudinal and transversal organization of the brain as
roposed by the prosomeric model (as depicted in Fig. 1;
uelles and Rubenstein, 1993), which allows a comprehen-
ive consideration of all retinotopic maps within the dien-
ephalon (see Puelles, 1995, for a detailed discussion about
his subject).
Ephrin-A2 and Ephrin-A5 Are Expressed in
Gradients in Developing Primary Visual Centers
In the diencephalon at E6, expression of ephrin-A2 and
phrin-A5 can already be observed, although it shows a
ather homogeneous pattern (data not shown). However,
rom E9 onward, they are expressed in the alar subdivisions
f the diencephalon, ventral thalamus, dorsal thalamus, and
retectum, thereby reflecting the defined diencephalic sub-
ivisions (Fig. 2). In the ventral thalamus, subtle rostralhigh
to caudallow gradients of ephrin-A2 and ephrin-A5 expres-
ion are already apparent in the GV (Figs. 2A and 2B),
n (gray gradient) of some of the retinorecipient structures of the
nventional transversal (B) views. The boundaries delineating the
odel (Puelles and Rubenstein, 1993), anterior parencephalon (p1),
ed lines, whereas the alar/basal boundary is illustrated as a dashed
, and they are depicted as follows: ventral geniculate nucleus (GV)
ral anterior complex (DLL/DLA) in the dorsal thalamus (DT), and
esencephalon (M), the griseum tectale (GT) and the optic tectum
ch of these structures is best appreciated in a sagittal view (A), but
iation with the prosomeric boundaries. The level of the transversal
tions: Ov, nucleus ovoidalis; p4/p6, prosomeres 4–6; Rot, nucleus
lamic nucleus.tatio
or co
ic m
dott
eres
olate
e m
of ea
assoc
reviahereas, within the ventrolateral nucleus (VL), ephrin-A2
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292 Marı´n, Blanco, and Nietoexpression remains homogeneous (Fig. 2A). In the dorsal
thalamus, where morphological boundaries are not clearly
defined at this age, the expression of ephrin-A2 increases
rom the ventricular zone to the pial surface (Fig. 2A).
xpression of ephrin-A5 is particularly evident in this
tructure close to the boundary with the ventral thalamus
Fig. 2B). Graded ephrin-A2 and ephrin-A5 expression is also
FIG. 2. Expression of ephrin-A2 (A, C, and E) and ephrin-A5 (B,
esencephalon at embryonic day 9. Medial is to the right and dors
ines in the diagram indicate the position of the sections shown in
ectum. Abbreviations not included in Fig. 1 are as follows: c, cau
retectal nucleus; PPC, principal precommissural nucleus; PT, preound in several distinct structures within the pretectum,
Copyright © 2001 by Academic Press. All rightncluding the principal precommissural nucleus (PPC) and
he superficial synencephalic nucleus (SS) (Figs. 2C and 2D).
phrin-A5 is also expressed in the supratectal nucleus (SP)
nd in the external pretectal nucleus (Fig. 2D).
In the mesencephalon, both ephrins are expressed in
pposing gradients in the griseum tectale (GT) and tectum,
ith a rostralhigh to caudallow gradient in the GT (Figs. 2C
nd F) in transversal sections through the chick diencephalon and
up. Prosomeric boundaries are shown as dotted lines. The dashed
orresponding panels. (E, F) Transversal sections through the caudal
ET, epithalamus; Hyp, hypothalamus; ot, optic tract; PE, external
m; r, rostral. Scale bar 5 300 mm (A–D) or 400 mm (E, F).D, a
al is
the c
dal;and 2D) and a rostrallow to caudalhigh gradient in the tectum
s of reproduction in any form reserved.
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293Ephrins in Visual System Topography(Cheng et al., 1995; Drescher et al., 1995; and data not
shown). Remarkably, ephrin expression is also found in a
FIG. 3. Expression of ephrin-A2 (A, C, E, G) and ephrin-A5 (B,
esencephalon at embryonic day 12. Medial is to the right and do
hotograph in (A) shows a detailed view of the expression of ephrin
hat shown in the large photograph. The opposite gradients of ex
eniculate nucleus (GV) are apparent at this level. (B, F) Transvers
G), respectively. The black arrowheads indicate the dorsal te
bbreviations not included in Fig. 1 are as follows: c, caudal; Hyp, h
t, optic tract; PE, external pretectal nucleus; PPC, principal pre
tratum griseum centrale; SGFS, stratum griseum and fibrosum
ubpretectalis. e, g, and i designate different sublayers within the SGdorsalhigh to ventrallow gradient in both the stratum griseum
Copyright © 2001 by Academic Press. All rightperiventriculare (SGP) and the superficial retinorecipient
layers (SGFS) within the caudal tectum (Figs. 2E and 2F).
, H) in transversal sections through the chick diencephalon and
is up. Prosomeric boundaries are shown as dotted lines. The inset
in the ventral thalamus in a transversal section slightly rostral to
ion in the lateral anterior thalamic nucleus (LA) and the ventral
tions through a level slightly rostral to that illustrated in (C) and
, whereas the white arrowheads indicate the ventral tectum.
halamus; Ipc, parvocellular isthmic nucleus; NE, neuroepithelium;
issural nucleus; r, rostral; SAC, stratum album centrale; SGC,
perficiale; SGP, stratum griseum periventriculare; SP, nucleus
cale bar 5 300 mm (A, B, E, and F), 200 mm (C, D), or 400 mm (G, H).D, F
rsal
-A2
press
al sec
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ypot
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suThe expression pattern of the two ephrins in the E12
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294 Marı´n, Blanco, and Nietodiencephalon is similar to that found at E9, although many
of the gradients of expression are now more clearly appre-
ciated at this age (Fig. 3). In the ventral thalamus, both are
expressed in a decreasing rostral to caudal gradient in the
ventral geniculate nucleus (GV; Figs. 3A and 3B). Addition-
ally, ephrin-A2 is expressed in the lateral anterior thalamic
nucleus (LA), although in an opposite gradient to that
observed in GV, and, as such, the caudal aspect of LA shows
higher levels of ephrin-A2 expression (Fig. 3A). In the dorsal
thalamus, low levels of ephrin-A2 and ephrin-A5 expression
re found in the DLA, whereas high levels of ephrin-A5 are
etected in nucleus ovoidalis (OV) and of ephrinA-2 in the
ucleus rotundus (Rot). While expression is homogeneous
n the DLA, the anteromedial division of Rot contains
igher levels of ephrin-A2 expression than the ventrolateral
nd posterior divisions (Figs. 3A and 3B).
In the pretectum, the expression of both ephrins follows
rostralhigh to caudallow gradient in the SS (Figs. 3C–3F), as in
the mesencephalic GT (Figs. 3C–3F). In contrast, an oppo-
site rostro-caudal gradient of expression is found in the
tectum (Cheng et al., 1995; Drescher et al., 1995; and data
not shown). In addition, a subtle dorsalhigh to ventrallow
gradient of ephrin-A2 expression is evident in the neuroepi-
thelium of the tectum (Fig. 3G), which is readily apparent
for ephrin-A5 both in the neuroepithelium and in the
superficial retinorecipient layers (SGFS; Fig. 3H).
In summary, ephrin-A2 and ephrin-A5 are expressed in
most retinorecipient structures of the developing chick
diencephalon and mesencephalon. Graded expression of
ephrin-A2 and ephrin-A5 is found across the anteroposte-
rior dimension in those structures that receive a topo-
graphic retinal projections, including the LA, GV, SS, GT,
and optic tectum. In all cases, the gradient of ephrin-A5 is
steeper than the gradient of ephrin-A2. Finally, ephrin-A2
and ephrin-A5 gradients in the LA and tectum have a
rostrallow to caudalhigh orientation, but a rostralhigh to
caudallow orientation in the GV, SS, and GT.
EphA4 and EphA7 Are Expressed in Multiple
Retinal Targets
In addition to the formation of retinotopic maps, the
primary visual centers develop topographic connections
between themselves at the same time that retinal projec-
tions are being established (Edwards et al., 1974; Swanson
et al., 1974; Crossland and Uchwat, 1979; Gamlin and
Cohen, 1988a,b; Sutton and Brunso-Bechtold, 1988). Given
the pivotal role of Eph receptors and ephrins in the estab-
lishment of retinotopic projections, the possibility exists
that they are also involved in the organization of topo-
graphic connections between primary visual centers. After
studying the expression of the ephrins, we have also ana-
lyzed the distribution of two EphA receptors, EphA4 and
EphA7. The two of them are capable of binding ephrin-A5
with high affinity and of binding ephrin-A2; although, in
Copyright © 2001 by Academic Press. All rightthis case, EphA4 does it with a lower affinity than EphA7
(Gale et al., 1996).
EphA7 is strongly expressed from E6 onward, whereas
EphA4 expression is relatively weak at both E6 (data not
shown) and E9 (Fig. 4). However, at E9, although at different
levels, both EphA4 and EphA7 transcripts were found in
most structures of the ventral thalamus, including the GV
and VL (Figs. 4A and 4B). A rostrallow to caudalhigh gradient of
expression that is complementary to that of ephrin-A2 and
ephrin-A5 was found in the GV, and EphA4 transcripts were
also detected close to the boundary with the dorsal thala-
mus (Fig. 4A). EphA7 is highly expressed in the dorsal
thalamus, whereas EphA4 is undetectable in this region
(Fig. 4B). Stronger EphA4 expression is, however, found in
the pretectum, specifically in the SS and PPC in a similar
pattern to that of EphA7 (Figs. 4C and 4D).
In the tectum, EphA4 is strongly expressed in the neuro-
epithelium and barely present in the developing SGFS (Fig.
4E). EphA7 is expressed at different levels in diverse layers
of the tectum, including the stratum griseum centrale
(SGC) and the SGFS (Fig. 4F). Both receptors show a
rostralhigh to caudallow gradient (Fig. 4G, and data not
shown).
At E12, expression of EphA4 and EphA7 in the ventral
thalamus is similar to that shown at E9 with a more
obvious gradient present in the GV and a rather homoge-
neous expression in the VL (Figs. 5A and 5B). In the dorsal
thalamus, EphA4 is expressed in the Rot at higher levels in
the ventrolateral part than in the anteromedial division
(Fig. 5A), whereas this nucleus is completely devoid of
EphA7 transcripts (Fig. 5B). However, strong EphA7 expres-
sion is observed in other dorsal thalamic structures includ-
ing the DLA, which does not show EphA4 expression. In the
pretectum, both receptors show a rostrallow to caudalhigh
gradient in the SS and GT (Figs. 5C and 5D).
In the tectum, in addition to the rostralhigh to caudallow
gradient already described at E9, a ventralhigh to dorsallow
gradient is observed in the SGFS for both receptors that can
also be observed in the neuroepithelium for EphA4 (Fig. 5E).
Within the SGC, deep layers express EphA7 at higher levels
than in superficial sublayers (Fig. 5F).
In conclusion, EphA4 and EphA7 are expressed in gradi-
ents across the anteroposterior dimension of the visual
centers of the developing chick diencephalon and mesen-
cephalon. Remarkably, the orientation of the EphA4 and
EphA7 gradients is reciprocal to that found for ephrin-A2
and ephrin-A5 (compare Figs. 2 and 3 with Figs. 4 and 5).
Thus, EphA4 and EphA7 gradients follow a rostralhigh to
caudallow orientation in the LA and tectum, but a rostrallow
to caudalhigh orientation in the GV, SS, and GT.
Ephrin and Eph Expression in the Visual
Telencephalon
There are two main targets of the visual pathway in the
avian telencephalon, the visual Wulst, a parasagittal bulge
s of reproduction in any form reserved.
ec
t
p
l
a
c
g
1
e
t
c
t
f
s
a
t
t
p
r
t
r
o
fi
m
e
d
295Ephrins in Visual System Topographyof the dorsomedial part of the pallium, and the ectostria-
tum, a region of the avian dorsal ventricular ridge immedi-
ately dorsal to the striatum (reviewed in Shimizu and
Bowers, 1999). Remarkably, expression of ephrin-A2 and
ephrin-A5 is not found in either of these structures at the
stages examined (data not shown). In contrast, graded ex-
pression of ephrin-B2, a member of the transmembrane
family or ephrin-B ligands, is found in both the Wulst and
the ectostriatum (Figs. 6A–6C). EphrinB2 expression in
these regions is nevertheless weaker than in adjacent pallial
structures. On the other hand, EphA4 and EphA7 are
expressed in the developing ectostriatum (Figs. 6D and 6E),
but not in the Wulst (data not shown).
After looking at the distribution of transcripts for EphA
and ephrins-A, we wanted to make sure that the picture we
obtained was representative of that of the corresponding
proteins. This can be achieved by the use of the so-called
Fc-EphA and Fc-ephrinA reagents, which respectively bind
and recognize ligands and receptors of the A subfamily
(Gale et al., 1996). Experiments carried out with
EphrinA5-Fc and EphA5-Fc in similar brain sections to
those used in the in situ hybridization analysis gave rise to
patterns that included those of the transcripts for the
receptors and ligands that we had observed, respectively
(not shown). This indicates not only that the localization of
the transcripts correlates with that of the proteins in the
structures analyzed, but also that, if other members of the A
subfamily not tested in this work are present in those
structures, they likely distribute in a similar pattern to that
of the members that we have studied.
DISCUSSION
In the present study, we have taken advantage of the
characteristic differentiation and size of the primary visual
centers in the diencephalon of the chick to investigate the
expression pattern of two ephrin-A ligands, ephrin-A2 and
ephrin-A5, and two EphA receptors, EphA4 and EphA7,
during the development of retinotopic maps. When the
present data are considered within the prosomeric paradigm
(Puelles and Rubenstein, 1993; Puelles, 1995) and in rela-
tion to previous studies which have analyzed the topogra-
phy of primary and secondary visual projections in the
chick, two main conclusions can be reached. First, graded
expression of ephrin-A2 and ephrin-A5 correlates with the
formation of nasal/temporal topography in all primary
visual centers that develop a topographic retinotopic map in
the chick. Second, the same topographic labels that are used
to establish the topography of retinal projections appear to
be used in the formation of topographic maps in the
connections between distinct visual centers. Insights de-
rived from these observations are discussed below. D
Copyright © 2001 by Academic Press. All rightGraded Expression of ephrin-A2 and ephrin-A5
Defines the Nasal–Temporal Axis of Primary
Visual Centers in the Chick
The projection from RGCs to the primary visual centers
in the chick diencephalon and mesencephalon is, in most
cases, organized in a topographic manner (Crossland and
Uchwat, 1979; Ehrlich and Mark, 1984b; Gamlin and Co-
hen, 1988a). Moreover, the anterior–posterior mapping of
retinal projections to the optic tectum in both birds and
mammals appears to be mediated by ephrin-A2 and
phrin-A5 (Drescher et al., 1995; Nakamoto et al., 1996;
Monschau et al., 1997; Ciossek et al., 1998; Davenport et
al., 1998; Frise´n et al., 1998; Feldheim et al., 2000). Little is
known, however, about the mechanisms that control the
topographic mapping of retinal projections to other primary
visual centers.
Here, we show that the nuclei that receive a retinotopic
projection express ephrin-A2 and ephrin-A5 in a gradient
along the anterior–posterior axis of the nucleus. Moreover,
as in the case of the tectum, the higher levels of ephrin-A2
and ephrin-A5 expression are always found in the pole of
the structure that receives projections from the nasal retina,
independently of the orientation of the map (Fig. 7A). Thus,
ganglion cells from the nasal retina project to the caudal
aspect of the LA and tectum, but to the rostral pole of the
GV, SS, and GT, each area being that which expresses the
highest levels of ephrin-A2 and ephrin-A5 (Figs. 2–4, 7A). In
ontrast, ganglion cells from the temporal retinal project to
he rostral aspect of the LA and tectum, but to the caudal
ole of the GV, SS, and GT, all of which express the lowest
evels of ephrin-A2 and ephrin-A5 (Figs. 2–4, 7A). This is in
greement with a previous study in the mouse that impli-
ated ephrin-A2 and ephrin-A5 in the formation of topo-
raphic retinodiencephalic connections (Feldheim et al.,
998). In the mouse, the expression of ephrin-A2 and
phrin-A5 in the dorsal lateral geniculate nucleus, the main
arget of retinal projections in the dorsal thalamus, is
onsistent with the organization of retinal projections upon
his nucleus. The lack of a comprehensive retinotopic map
or most primary visual centers in the mouse and their
mall size, however, have prevented a detailed analysis of
ll retinal targets in the mouse diencephalon.
Our results and those from Feldheim et al. (1998) suggest
hat the development of retinotopic connections between
he retina and primary visual centers requires graded ex-
ression of ephrin-A ligands in each individual region
eceiving a topographic projection. An interesting predic-
ion of this model is that, in those visual centers that do not
espect the topography of the retina, the graded expression
f ephrin-A2 and ephrin-A5 would be absent. Indeed, we
nd that those visual centers that have a poor retinotopic
ap in the chick do not contain a gradient of ephrin-A2 or
phrin-A5 during development. This was the case for the
orsolateral anterior complex of the thalamus, including
LA and DLL (Ehrlich and Mark, 1984b), widely assumed
s of reproduction in any form reserved.
296 Marı´n, Blanco, and NietoFIG. 4. Expression of EphA4 (A, C, and E) and EphA7 (B, D, F, and G) in transversal (A–F) or sagittal (G) sections through the chick
diencephalon and mesencephalon at embryonic day 9. Medial is to the right and dorsal is up, except for (G) where rostral is to the left and
dorsal is up. The dashed lines in the diagram indicate the position of the sections shown in the corresponding panels. (E, F)
High-magnification photographs of transversal sections through the rostral tectum. Abbreviations not included in Fig. 1 are as follows: c,
caudal; cp, posterior commissure; ET, epithalamus; Hyp, hypothalamus; NE, neuroepithelium; oc, optic chiasm; ot, optic tract; PE, external
pretectal nucleus; PPC, principal precommissural nucleus; SAC, stratum album centrale; SGC, stratum griseum centrale; SGFS, stratum
griseum and fibrosum superficiale; SGP, stratum griseum periventriculare. Scale bar 5 300 mm (A–D) or 250 mm (E–G).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
r
(
a
v
m
d
e
I
t
a
5 3
297Ephrins in Visual System Topographyto represent the avian homolog of the lateral geniculate
nucleus (LGN) of mammals (reviewed in Butler, 1994).
Interestingly, graded expression of ephrin-A2 and ephrin-A5
does exist in the LGN (Feldheim et al., 1998), which
eceives a precise topographic projection from the retina
Godement et al., 1984; Sretavan and Shatz, 1987). Thus, it
ppears that, during the evolution of the visual system in
FIG. 5. Expression of EphA4 (A, C, and E) and EphA7 (B, D,
mesencephalon at embryonic day 12. Medial is to the right and do
arrowhead indicates the dorsal tectum, whereas the white arro
hypothalamus; Ipc, parvocellular isthmic nucleus; ITO, interstitial
album centrale; SGC, stratum griseum centrale; SGFS, stratum gris
e, g, and i designate different sublayers within the SGFS. Scale barertebrates, the establishment of ephrin gradients in pri- e
Copyright © 2001 by Academic Press. All rightary visual centers underlies the acquisition of a well-
efined and complete retinotopic map.
Previous studies have shown that the distributions of
phrin-A2 and ephrin-A5 in the tectum are not identical.
ndeed, ephrin-A2 is expressed in a smooth gradient across
he entire anterior–posterior axis of the tectum (Cheng et
l., 1995; Monschau et al., 1997), whereas ephrin-A5 is
F) in transversal sections through the chick diencephalon and
s up. Prosomeric boundaries are shown as dotted lines. The black
d indicates the ventral tectum. Abbreviations: c, caudal; Hyp,
us of the optic tract; NE, neuroepithelium; r, rostral; SAC, stratum
and fibrosum superficiale; SGP, stratum griseum periventriculare.
00 mm (A–D) or 400 mm (E, F).and
rsal i
whea
nucle
eumxpressed in a steeper gradient primarily confined to the
s of reproduction in any form reserved.
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298 Marı´n, Blanco, and Nietocaudal half of the tectum with little expression rostrally
(Cheng et al., 1995; Drescher et al., 1995; Monschau et al.,
1997). Remarkably, similar smooth and steep gradients are
found for ephrin-A2 and ephrin-A5 in other primary visual
centers, such as the GV and the GT (Figs. 2 and 3). In both
cases, ephrin-A2 is expressed across most of the anterior–
posterior axis, whereas ephrin-A5 expression is mainly
restricted to the caudal aspect. The existence of comparable
patterns of distribution (i.e., smooth or steep) for ephrin-A2
and ephrin-A5 among different primary visual centers inde-
endent of their size and orientation suggests a similar or
oordinated mechanism to establish the corresponding gra-
ients in all these regions.
It has recently been reported that ephrin-A2 and
phrin-A5 double mutants, in addition to severe defects in
nteroposterior topography, also show abnormalities in the
orsoventral topography of retinal projections to the SC
Feldheim et al., 2000). This suggested to the authors that
phrin-A2 and ephrin-A5 may also play a role in the correct
apping along this axis of the superior colliculus (SC). In
he mouse, a subtle gradient of ephrin-A2 and ephrin-A5
ppears to be present across the mediolateral dimension of
he SC (which corresponds to the dorsoventral mapping axis
f the retinal projection). Our results show a clear-cut
orsalhigh to ventrallow gradient of the two ephrins in the
hick tectum (most prominently, of ephrin-A5) and, thus,
urther support this hypothesis. Interestingly, it is possible
hat the generation of anteroposterior topography is needed
or the final establishment of dorsoventral topography
Feldheim et al., 2000), making it a question of timing. The
arly establishment of A–P topography by Eph–ephrin gra-
ients could endow the axons with dorsoventral properties.
his would be in agreement with recent results obtained in
arsupials (Dunlop et al., 2000) where it seems that dorso-
entral mapping could be independent of target-based cues.
Expression of EphA Receptors and Ephrin-A
Ligands Correlates with the Topographic
Organization of Secondary Visual Projections
In addition to the topographic projection from the retina
to most diencephalic and mesencephalic primary visual
centers, highly topographic projections are established be-
tween individual visual centers in these regions (Crossland
and Uchwat, 1979; Gamlin and Cohen, 1988a,b). These
second-order topographic connections, which include for
example the geniculotectal (i.e., from the GV to the tectum)
and tectogeniculate (i.e., from the tectum to the GV)
projections (Crossland and Uchwat, 1979), are thought to be
essential for the processing of visual information into
visuomotor reflex coordinations. Analysis of the expression
of EphA4 and EphA7 and their ligands ephrin-A2 and
ephrin-A5 suggests that the same repellent labels that
mediate the topography of retinal projections might indeed
be used to establish topographic connections between dis-
tinct visual primary centers. In the tectogeniculate cir- l
Copyright © 2001 by Academic Press. All rightuitry, for example, projections from the rostral tectum,
hich expresses high levels of EphA4 and EphA7, target the
audal pole of the GV, which expresses low levels of
phrin-A2 and ephrin-A5 (Crossland and Uchwat, 1979)
Fig. 7B). Conversely, projections from the caudal tectum,
hich expresses low levels of EphA4 and EphA7, map to the
ostral pole of the GV, which expresses high levels of
phrin-A2 and ephrin-A5 (Fig. 7B). Our finding of a graded
xpression of EphA7 in the tectum contrasts with the
escription by Connor et al. (1998), who examined the
xpression of this receptor in the visual system of the chick
nd report similar levels in the rostral and caudal tectum.
his difference may be attributed to the difference in
ensitivity between the two methods used in both studies.
imilar graded EphA7 expression in the tectum has been
eported in mammals (Ellis et al., 1995; Ciossek et al., 1995;
idovic et al., 1999).
Projections from the GV to the tectum are also consistent
ith the model regarding the expression patterns of ligands
nd receptors. Thus, the caudal pole of the GV, which
xpresses high levels EphA4 and EphA7, projects to the
ostral tectum, which expresses low levels of ephrin-A2 and
phrin-A5 (Fig. 7C). In contrast, the rostral pole of the GV,
hich expresses low levels of EphA4 and EphA7, projects to
he caudal tectum, which expresses high levels of
phrin-A2 and ephrin-A5 (Fig. 7C). Immunohistochemistry
or EphA7 reveals a similar gradient of expression in the
ouse homologue of the GV, the ventral lateral geniculate
ucleus (VLGN) (Rogers et al., 1999), suggesting that the
rganization of connections between the VLGN and the SC
n mammals (Edwards et al., 1974; Swanson et al., 1974)
ay also use the same labels. In conclusion, these results
re consistent with the same set of labels being used not
nly for targeting the retinal projection, but also by the
eciprocal connections between different structures that
hare a common topographic map.
The present results also demonstrate that EphA receptors
nd their ligands are commonly expressed in opposing
radients in the same structure (see, for example, the GV
nd GT in Figs. 3 and 5). Recent studies in the retina have
emonstrated that coexpression of EphA receptors and
phrin-A ligands correlates with an increased pattern of
eceptor phosphorylation (Connor et al., 1998; Hornberger
t al., 1999). Coexpression induces persistent receptor acti-
ation that leads to desensitization and, thus, reduces the
ensitivity of growing axons to respond to external cues
i.e., a gradient of ephrin-A ligands). This implies that
ifferential ligand expression in growing axons may be a
ajor determinant of topographic mapping (Ciossek et al.,
998; Du¨tting et al., 1999; Hornberger et al., 1999). Our
esults demonstrate the existence of opposing but overlap-
ing gradients of EphA receptors and ephrin-A ligands in
istinct primary visual centers in the chick. These data
rovide further support to the hypothesis that receptor/
igand coexpression may be a general mechanism used to
s of reproduction in any form reserved.
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299Ephrins in Visual System Topographyenhance gradients of functional EphA receptors in the brain
and therefore to increase the precision of mapping. Alter-
natively, or in addition, complementary gradients may help
to stabilize territories or restrict cell intermingling in a
similar way to that proposed for the rhombomeres in the
hindbrain (Mellitzer et al., 1999). This restriction of cell
intermingling is likely to operate not only in regions where
segment boundaries are readily apparent, but also in terri-
tories not showing an overt segmentation such as rhom-
bomeres 7–11 (discussed in Cambronero and Puelles, 2000)
or during the patterning of different territories within one
segment.
Visual Pathways to the Telencephalon
There are two main visual pathways that link the retina
with the telencephalon. The first pathway travels from the
retina to the telencephalon through the tectum and the
dorsal thalamus, whereas the second pathway runs from the
retina to the telencephalon via a relay in the dorsal thala-
mus (reviewed in Butler, 1994; Shimizu and Bowers, 1999).
As in other avian species, the chick nucleus rotundus (Rot)
is the main dorsal thalamic relay center of the tectofugal
visual pathway to the telencephalon (Engelage and Bischof,
1993). Tectorotundal projections are organized topographi-
cally so that different layers within the tectal SGC project
in an orderly manner to different subdivisions of the Rot
(Benowitz and Karten, 1976; Karten et al., 1997; Deng and
ogers, 1998). It has been previously suggested that differ-
ntial cadherin expression may underlie this peculiar pat-
ern (Wo¨hrn et al., 1998; Redies et al., 2000). Interestingly,
he development of a topographic organization in the tec-
FIG. 6. Expression of ephrin-B2 (A–C), EphA4 (D), and EphA7
telencephalon at embryonic days 9 (A–C) and 12 (D, E). (A) Rostral
up. The levels of the transversal sections shown in (B) and (C) are
hyperstriatum dorsale; HV, hyperstriatum ventrale; Pa, pallidum;
(B–E).
FIG. 7. Schematic sagittal diagrams depicting the potential role of
at multiple levels of the visual system in the chick. Prosomeric
illustrated with a dashed line. Rostral is to the left and dorsal is u
expressing high levels of EphA3, project to the caudal region of the
and griseum tectale (GT) and to the rostral pole of the lateral anter
low levels of ephrins-A2 and -A5. In contrast, ganglion cells from th
project to the rostral region of the GV, SS, and GT and to the cauda
ephrins. The ventrolateral thalamic nucleus (VL) and the dorsolat
structures that do not contain a gradient of ephrin-A2 and ephrin-
high levels of EphA4 and EphA7, project to the caudal region of th
ells from the caudal tectum (red line), which express low levels
xpresses high levels of ephrin-A2 and ephrin-A5. (C) Cells from th
roject to the rostral region of the tectum, which expresses low leve
xpress low levels of EphA4 and EphA7, project to the caudal regio
ells from deep sublayers of the stratum griseum centrale (SGC, b
f the nucleus rotundus (R), with low levels of ephrin-A2. In contras
ow levels of EphA7, project to the rostral region of the nucleus rotund
Copyright © 2001 by Academic Press. All rightorotundal pathway may also depend on the existence of
epellent labels. Indeed, neurons in deep sublayers of the
GC, where high levels of EphA7 are expressed, project to
he caudal region of the Rot, where low levels of ephrin-A2
re found. Alternately, neurons from superficial sublayers
f the SGC, which express low levels of EphA7, project to
he rostral pole of the Rot, which expresses high levels of
phrin-A2 (Fig. 7D).
Similar interactions between ephrins and Eph receptors
ay underlie the transfer of visual information from the
ot to the telencephalon. Accordingly, a gradient of EphA4
xpression is present in the Rot, suggesting that the axonal
rojections of this nucleus may express this receptor. In
urn, the telencephalic target of the Rot, the ectostriatum,
resents graded expression of ephrin-B2, a ligand of the
ransmembrane family of ephrins which is known to inter-
ct with EphA4 (Gale et al., 1996). Likewise, EphA7 is
xpressed at high uniform levels in the dorsolateral anterior
halamic complex, which is the relay of the second visual
athway that links the retina with the telencephalon. The
etinal projection to the dorsolateral anterior thalamic
omplex in the chick lacks a clear topographic organization
Ehrlich and Mark, 1984b; Remy and Gu¨ntu¨rku¨n, 1991).
his is also the case for the projection from the DLA/DLL
omplex to the telencephalon (Karten et al., 1973; Miceli
nd Repe´rant, 1982; Wu and Karten, 1998). Thus, as de-
cribed for other systems in the forebrain (Gao et al., 1998;
ue et al., 1999), ephrin/Eph interactions may underlie the
ransfer of visual information from the diencephalon and
esencephalon to the telencephalon. This appears to be
chieved through the generation of gradients of expression
in sagittal (A) or transversal (B–E) sections through the chick
the left and dorsal is up. (B–E) Medial is to the right and dorsal is
ted with dotted lines in (A). Abbreviations: Ec, ectostriatum; HD,
ptum; St, striatum; W, Wulst. Scale bar 5 500 mm (A) or 800 mm
ligand–receptor interactions in the generation of topographic maps
daries are shown as dotted lines and the alar–basal boundary is
) Ganglion cells from the temporal pole of the retina (blue lines),
al geniculate nucleus (GV), superficial synencephalic nucleus (SS),
alamic nucleus (LA) and optic tectum (Tect), all of which express
al pole of the retina (red lines), which express low levels of EphA3,
e of the LA and tectum, all of which express high levels of the two
anterior complex of the thalamus (DLA/DLL) are retinorecipient
xpression. (B) Cells from the rostral tectum (blue line), expressing
, where low levels of ephrin-A2 and ephrin-A5 are found. In turn,
phA4 and EphA7, project to the rostral region of the GV, which
dal GV (blue line), which express high levels of EphA4 and EphA7,
the two ephrins, whereas cells from the rostral GV (red line), which
he tectum, expressing high levels of ephrin-A2 and ephrin-A5. (D)
ine) express high levels of EphA7 and project to the caudal region
ls from the superficial sublayer of the SGC (red line), which express(E)
is to
depic
S, se
Eph
boun
p. (A
ventr
ior th
e nas
l pol
eral
A5 e
e GV
of E
e cau
ls of
n of t
lue l
t, celus, which expresses high levels of ephrin-A2.
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B301Ephrins in Visual System Topographywhenever a clear topographic projection has to be estab-
lished.
In conclusion, EphA receptors and their ligands appear to
be involved in the development of the topographic order at
multiple levels within the visual pathway. This appears to
be the case for connections both between the retina and the
different retinorecipient nuclei and for the topography
among these nuclei. Furthermore, the perfect correlation
between topographic projection and gradients of Eph–
Ephrins and between nontopographic projections and the
absence of gradients in different species indicates that the
generation of these gradients is a primary condition for the
establishment of topography in the brain.
ACKNOWLEDGMENTS
We thank L. Puelles and S. Garel for helpful comments and
discussions, Mark Sefton and members of the lab for critical
reading of the manuscript, and Uwe Drescher for the ephrin-A5
probe. This work was supported by research grants to M.A.N. from
the Spanish Ministry of Culture (DGICYT-PM95-0024, DGESIC
UE98-0002, and PM98–0125) and the European Union (BIO4-
CT96-0659). M.J.B. was the recipient of a postdoctoral fellowship
from the Comunidad Auto´noma de Madrid (CAM).
REFERENCES
Araujo, M., and Nieto, M. A. (1997). The expression of chick EphA7
during segmentation of the central and peripheral nervous sys-
tem. Mech. Dev. 68, 173–177.
enowitz, L. I., and Karten, H. J. (1976). Organization of the
tectofugal visual pathway in the pigeon: A retrograde transport
study. J. Comp. Neurol. 167, 503–520.
Butler, A. B. (1994). The evolution of the dorsal thalamus of jawed
vertebrates, including mammals: Cladistic analysis and a new
hypothesis. Brain Res. Rev. 19, 29–65.
Cambronero, F., and Puelles, L. (2000). Rostrocaudal nuclear rela-
tionships in the avian medulla oblongata: A fate map with quail
chick chimeras. J. Comp. Neurol. 427, 522–545.
Cheng, H. J., Nakamoto, M., Bergemann, A. D., and Flanagan, J. G.
(1995). Complementary gradients in expression and binding of
ELF-1 and Mek4 in development of the topographic retinotectal
projection map. Cell 82, 371–381.
Ciossek, T., Millauer, B., and Ullrich, A. (1995). Identification of
alternatively spliced mRNAs encoding variants of MDK1, a
novel receptor tyrosine kinase expressed in the murine nervous
system. Oncogene 10, 97–108.
Ciossek, T., Monschau, B., Kremoser, C., Lo¨schinger, J., Lang, S.,
Mu¨ller, B. K., Bonhoeffer, F., and Drescher, U. (1998). Eph
receptor-ligand interactions are necessary for guidance of retinal
ganglion cell axons in vitro. Eur. J. Neurosci. 10, 1574–1580.
Connor, R. J., Menzel, P., and Pasquale, E. B. (1998). Expression and
tyrosine phosphorylation of Eph receptors suggest multiple
mechanisms in patterning of the visual system. Dev. Biol. 193,
21–35.
Crossland, W. J., and Uchwat, C. J. (1979). Topographic projections
of the retina and optic tectum upon the ventral lateral geniculate
nucleus in the chick. J. Comp. Neurol. 185, 87–106.
Copyright © 2001 by Academic Press. All rightDavenport, R. W., Thies, E., Zhou, R., and Nelson, P. G. (1998).
Cellular localization of ephrin-A2, ephrin-A5, and other func-
tional guidance cues underlies retinotopic development across
species. J. Neurosci. 18, 975–986.
Deng, C., and Rogers, L. J. (1998). Organisation of the tectorotundal
and SP/IPS-rotundal projections in the chick. J. Comp. Neurol.
394, 171–185.
Drescher, U., Kremoser, C., Handwerker, C., Lo¨schinger, J., Noda,
M., and Bonhoeffer, F. (1995). In vitro guidance of retinal ganglion
cell axons by RAGS, a 25 kDa tectal protein related to ligands for
Eph receptor tyrosine kinases. Cell 82, 359–370.
Dunlop, S. A., Tee, L. B., and Beazley, L. D. (2000). Topographic
order of retinofugal axons in a marsupial: Implications for map
formation in visual nuclei. J. Comp. Neurol. 428, 33–44.
Du¨tting, D., Handwerker, C., and Drescher, U. (1999). Topographic
targeting and pathfinding errors of retinal axons following over-
expression of ephrinA ligands on retinal ganglion cell axons. Dev.
Biol. 216, 297–311.
Edwards, S. B., Rosenquist, A. C., and Palmer, L. A. (1974). An
autoradiographic study of ventral lateral geniculate projections
in the cat. Brain Res. 72, 282–287.
Ehrlich, D., and Mark, R. (1984a). An atlas of the primary visual
projections in the brain of the chick Gallus gallus. J. Comp.
Neurol. 223, 592–610.
Ehrlich, D., and Mark, R. (1984b). Topography of primary visual
centres in the brain of the chick, Gallus gallus. J. Comp. Neurol.
223, 611–625.
Ellis, J., Liu, Q., Breitman, M., Jenkins, N. A., Gilbert, D. J.,
Copeland, N. G., Tempest, H. V., Warren, S., Muir, E., Schilling,
H., et al. (1995). Embryo brain kinase: A novel gene of the eph/elk
receptor tyrosine kinase family. Mech. Dev. 52, 319–341.
Engelage, J., and Bischof, H. J. (1993). The organization of the
tectofugal pathway in birds: A comparative review. In “Vision,
Brain, and Behavior in Birds” (H. P. Zeigler and H. J. Bischof,
Eds.), pp. 137–158. MIT Press, Cambridge, MA.
Feldheim, D. A., Kim, Y. I., Bergemann, A. D., Frise´n, J., Barbacid,
M., and Flanagan, J. G. (2000). Genetic analysis of ephrin-A2 and
ephrin-A5 shows their requirement in multiple aspects of reti-
nocollicular mapping [see comments]. Neuron 25, 563–574.
Feldheim, D. A., Vanderhaeghen, P., Hansen, M. J., Frise´n, J., Lu,
Q., Barbacid, M., and Flanagan, J. G. (1998). Topographic guid-
ance labels in a sensory projection to the forebrain. Neuron 21,
1303–1313.
Feng, G., Laskowski, M. B., Feldheim, D. A., Wang, H., Lewis, R.,
Frisen, J., Flanagan, J. G., and Sanes, J. R. (2000). Roles for ephrins
in positionally selective synaptogenesis between motor neurons
and muscle fibers. Neuron 25, 295–306.
Frise´n, J., Yates, P. A., McLaughlin, T., Friedman, G. C., O’Leary,
D. D., and Barbacid, M. (1998). Ephrin-A5 (AL-1/RAGS) is essen-
tial for proper retinal axon guidance and topographic mapping in
the mammalian visual system. Neuron 20, 235–243.
Gale, N. W., Holland, S. J., Valenzuela, D. M., Flenniken, A., Pan,
L., Ryan, T. E., Henkemeyer, M., Strebhardt, K., Hirai, H.,
Wilkinson, D. G., Pawson, T., Davis, S., and Yancopoulos, G. D.
(1996). Eph receptors and ligands comprise two major specificity
subclasses and are reciprocally compartmentalized during em-
bryogenesis. Neuron 17, 9–19.
Gamlin, P. D., and Cohen, D. H. (1988a). Retinal projections to the
pretectum in the pigeon (Columba livia). J. Comp. Neurol. 269,
1–17.
s of reproduction in any form reserved.
GG
H
H
K
K
L
L
L
M
M
302 Marı´n, Blanco, and NietoGamlin, P. D., and Cohen, D. H. (1988b). Projections of the
retinorecipient pretectal nuclei in the pigeon (Columba livia).
J. Comp. Neurol. 269, 18–46.
Gao, P. P., Yue, Y., Zhang, J. H., Cerretti, D. P., Levitt, P., and
Zhou, R. (1998). Regulation of thalamic neurite outgrowth by the
Eph ligand ephrin-A5: Implications in the development of
thalamocortical projections. Proc. Natl. Acad. Sci. USA 95,
5329–5234.
odement, P., Salau¨n, J., and Imbert, M. (1984). Prenatal and
postnatal development of retinogeniculate and retinocollicular
projections in the mouse. J. Comp. Neurol. 230, 552–575.
oldberg, S. (1974). Studies on the mechanics of development of
the visual pathways in the chick embryo. Dev. Biol. 36, 24–43.
amburger, V., and Hamilton, H. L. (1951). A series of normal
stages in the development of the chick embryo. J. Morphol. 88,
49–92.
ornberger, M. R., Du¨tting, D., Ciossek, T., Yamada, T., Hand-
werker, C., Lang, S., Weth, F., Huf, J., Wessel, R., Logan, C.,
Tanaka, H., and Drescher, U. (1999). Modulation of EphA recep-
tor function by coexpressed ephrinA ligands on retinal ganglion
cell axons. Neuron 22, 731–742.
arten, H. J., Cox, K., and Mpodozis, J. (1997). Two distinct
populations of tectal neurons have unique connections within
the retinotectorotundal pathway of the pigeon (Columba livia).
J. Comp. Neurol. 387, 449–465.
arten, H. J., Hodos, W., Nauta, W. J., and Revzin, A. M. (1973).
Neural connections of the “visual wulst” of the avian telenceph-
alon. Experimental studies in the piegon (Columba livia) and owl
(Speotyto cunicularia). J. Comp. Neurol. 150, 253–278.
aVail, J. H., and Cowan, W. M. (1971a). The development of the
chick optic tectum. I. Normal morphology and cytoarchitectonic
development. Brain Res. 28, 391–419.
aVail, J. H., and Cowan, W. M. (1971b). The development of the
chick optic tectum. II. Autoradiographic studies. Brain Res. 28,
421–441.
und, R. D., Lund, J. S., and Wise, R. P. (1974). The organization of
the retinal projection to the dorsal lateral geniculate nucleus in
pigmented and albino rats. J. Comp. Neurol. 158, 383–403.
anns, M., and Gu¨ntu¨rku¨n, O. (1997). Development of the retino-
tectal system in the pigeon: A cytoarchitectonic and tracing
study with cholera toxin. Anat. Embryol. 195, 539–555.
ellitzer, G., Xu, Q., and Wilkinson, D. G. (1999). Restriction of
cell intermingling and communication by Eph receptors and
ephrins. Nature 400, 77–81.
Miceli, D., and Repe´rant, J. (1982). Thalamo-hyperstriatal projec-
tions in the pigeon (Columbia livia) as demonstrated by retro-
grade double-labeling with fluorescent tracers. Brain Res. 245,
365–371.
Monschau, B., Kremoser, C., Ohta, K., Tanaka, H., Kaneko, T.,
Yamada, T., Handwerker, C., Hornberger, M. R., Lo¨schinger, J.,
Pasquale, E. B., Siever, D. A., Verderame, M. F., Mu¨ller, B. K.,
Bonhoeffer, F., and Drescher, U. (1997). Shared and distinct
functions of RAGS and ELF-1 in guiding retinal axons. EMBO J.
16, 1258–1267.
Montero, V. M., Brugge, J. F., and Beitel, R. E. (1968). Relation of the
visual field to the lateral geniculate body of the albino rat.
J. Neurophysiol. 31, 221–236.
Nagata, T., and Hayashi, Y. (1984). The visual field representation
of the rat ventral lateral geniculate nucleus. J. Comp. Neurol.
227, 582–528.
Copyright © 2001 by Academic Press. All rightNakamoto, M., Cheng, H. J., Friedman, G. C., McLaughlin, T.,
Hansen, M. J., Yoon, C. H., O’Leary, D. D., and Flanagan, J. G.
(1996). Topographically specific effects of ELF-1 on retinal axon
guidance in vitro and retinal axon mapping in vivo. Cell 86,
755–766.
Nieto, M. A., Patel, K., and Wilkinson, D. G. (1996). In situ
hybridisation analysis of chick embryos in whole mount and
tissue sections. Methods Cell Biol. 51, 220–235.
Puelles, L. (1995). A segmental morphological paradigm for under-
standing vertebrate forebrains. Brain Behav. Evol. 46, 319–337.
Puelles, L., Guille´n, M., and Martı´nez-de-la-Torre, M. (1991).
Observations on the fate of nucleus superficialis magnocellularis
of Rendahl in the avian diencephalon, bearing on the organiza-
tion and nomenclature of neighboring retinorecipient nuclei.
Anat. Embryol. 183, 221–233.
Puelles, L., and Rubenstein, J. L. (1993). Expression patterns of
homeobox and other putative regulatory genes in the embryonic
mouse forebrain suggest a neuromeric organization. Trends Neu-
rosci. 16, 472–479.
Redies, C., Ast, M., Nakagawa, S., Takeichi, M., Martı´nez-de-la-
Torre, M., and Puelles, L. (2000). Morphologic fate of dience-
phalic prosomeres and their subdivisions revealed by mapping
cadherin expression. J. Comp. Neurol. 421, 481–514.
Remy, M., and Gu¨ntu¨rku¨n, O. (1991). Retinal afferents to the
tectum opticum and the nucleus opticus principalis thalami in
the pigeon. J. Comp. Neurol. 305, 57–70.
Rogers, J. H., Ciossek, T., Ullrich, A., West, E., Hoare, M., and
Muir, E. M. (1999). Distribution of the receptor EphA7 and its
ligands in development of the mouse nervous system. Mol. Brain
Res. 74, 225–230.
Scalia, F., and Arango, V. (1979). Topographic organization of the
projections of the retina to the pretectal region in the rat.
J. Comp. Neurol. 186, 271–292.
Sefton, M., Araujo, M., and Nieto, M. A. (1997). Novel expression
gradients of Eph-like receptor tyrosine kinases in the developing
chick retina. Dev. Biol. 188, 363–368.
Shimizu, T., and Bowers, A. N. (1999). Visual circuits of the avian
telencephalon: Evolutionary implications. Behav. Brain Res. 98,
183–191.
Simon, D. K., and O’Leary, D. D. (1992). Development of topo-
graphic order in the mammalian retinocollicular projection.
J. Neurosci. 12, 1212–1232.
Sperry, R. (1963). Chemoaffinity in the orderly growth of nerve
fiber patterns and connections. Proc. Natl. Acad. Sci. USA 50,
703–790.
Sretavan, D. W., and Shatz, C. J. (1987). Axon trajectories and
pattern of terminal arborization during the prenatal development
of the cat’s retinogeniculate pathway. J. Comp. Neurol. 255,
386–400.
Stein, E., Savaskan, N. E., Ninnemann, O., Nitsch, R., Zhou, R.,
and Skutella, T. (1999). A role for the Eph ligand ephrin-A3 in
entorhino-hippocampal axon targeting. J. Neurosci. 19, 8885–
8893.
Sutton, J. K., and Brunso-Bechtold, J. K. (1988). The roles of
specificity and competition in the formation of a laminated
colliculogeniculate projection. J. Neurosci. 8, 435–444.
Swanson, L. W., Cowan, W. M., and Jones, E. G. (1974). An
autoradiographic study of the efferent connections of the ventral
lateral geniculate nucleus in the albino rat and the cat. J. Comp.
Neurol. 156, 143–163.
s of reproduction in any form reserved.
303Ephrins in Visual System TopographyVanselow, J., Thanos, S., Godement, P., Henke-Fahle, S., and
Bonhoeffer, F. (1989). Spatial arrangement of radial glia and
ingrowing retinal axons in the chick optic tectum during devel-
opment. Dev. Brain Res. 45, 15–27.
Vanderhaeghen, P., Lu, Q., Prakash, N., Frisen, J., Walsh, C. A.,
Frostig, R. D., and Flanagan, J. G. (2000). A mapping label
required for normal scale of body representation in the cortex.
Nat. Neurosci. 3, 358–365.
Vidovic, M., Marotte, L. R., and Mark, R. F. (1999). Marsupial
retinocollicular system shows differential expression of messen-
ger RNA encoding EphA receptors and their ligands during
development. J. Neurosci. Res. 57, 244–254.
Wilkinson, D. G. (2000). Eph receptors and Ephrins: Regulators of
guidance and assembly. Int. Rev. Cytol. 196, 177–244.
Wo¨hrn, J. C., Puelles, L., Nakagawa, S., Takeichi, M., and Redies,
C. (1998). Cadherin expression in the retina and retinofugal
pathways of the chicken embryo. J. Comp. Neurol. 396, 20–38.
Wu, C. C., and Karten, H. J. (1998). The thalamo-hyperstriatal
system is established by the time of hatching in chicks (Gallus
Copyright © 2001 by Academic Press. All rightgallus): A cholera toxin B subunit study. Visual Neurosci. 15,
349–358.
Yamagata, M., and Sanes, J. R. (1995). Lamina-specific cues guide
outgrowth and arborization of retinal axons in the optic tectum.
Development 121, 189–200.
Yue, Y., Widmer, D. A., Halladay, A. K., Cerretti, D. P., Wagner,
G. C., Dreyer, J. L., and Zhou, R. (1999). Specification of distinct
dopaminergic neural pathways: Roles of the Eph family receptor
EphB1 and ligand ephrin-B2. J. Neurosci. 19, 2090–2101.
Zhang, J. H., Cerretti, D. P., Yu, T., Flanagan, J. G., and Zhou, R.
(1996). Detection of ligands in regions anatomically connected to
neurons expressing the Eph receptor Bsk: Potential roles in
neuron–target interaction. J. Neurosci. 16, 7182–7192.
Received for publication November 30, 2000
Revised February 28, 2001
Accepted March 15, 2001Published online May 11, 2001
s of reproduction in any form reserved.
